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ABSTRACT
We report radio interferometric observations of the 12C16O 1.3mm J = 2 − 1 emission line in the
circumstellar envelope of the M supergiant α Ori and have detected and separated both the S1 and S2
flow components for the first time. Observations were made with the Combined Array for Research
in Millimeter-wave Astronomy (CARMA) interferometer in the C, D, and E antenna configurations.
We obtain good u − v coverage (5–280kλ) by combining data from all three configurations allowing
us to trace spatial scales as small as 0′′.9 over a 32′′ field of view. The high spectral and spatial
resolution C configuration line profile shows that the inner S1 flow has slightly asymmetric outflow
velocities ranging from −9.0 km s−1 to +10.6 km s−1 with respect to the stellar rest frame. We find
little evidence for the outer S2 flow in this configuration because the majority of this emission has
been spatially-filtered (resolved out) by the array. We also report a SOFIA-GREAT CO(J = 12− 11)
emission line profile which we associate with this inner higher excitation S1 flow. The outer S2 flow
appears in the D and E configuration maps and its outflow velocity is found to be in good agreement
with high resolution optical spectroscopy of K I obtained at the McDonald Observatory. We image
both S1 and S2 in the multi-configuration maps and see a gradual change in the angular size of the
emission in the high absolute velocity maps. We assign an outer radius of 4′′ to S1 and propose that
S2 extends beyond CARMA’s field of view (32′′ at 1.3 mm) out to a radius of 17′′ which is larger than
recent single-dish observations have indicated. When azimuthally averaged, the intensity fall-off for
both flows is found to be proportional to R−1, where R is the projected radius, indicating optically
thin winds with ρ ∝ R−2.
Subject headings: circumstellar matter — radio lines: stars — stars: individual: (α Ori) — stars:
late-type — stars: massive — supergiants
1. INTRODUCTION
The circumstellar envelope (CSE) of the M2 Iab su-
pergiant Betelgeuse (α Orionis) is a proving ground for
ideas and theories of mass-loss from oxygen-rich M su-
pergiants. Currently it is losing mass at a respectable
rate ∼ 3 × 10−6 M⊙ yr
−1 (Glassgold & Huggins 1986;
Huggins et al. 1994; Harper et al. 2001), as it has been
over the past ∼ 1000 yr. Most of the optically thin sil-
icate dust lies beyond ∼ 46 stellar radii (Danchi et al.
1994) and dust is, therefore, unlikely to be responsible
for the bulk mass-loss. This raises the important point
that if the mass-loss from Betelgeuse is not a result of
dust then perhaps the same mechanisms that are respon-
sible might also be active in the more dusty later M-type
supergiants.
Hartmann & Avrett (1984) constructed a WKB
Alfve´n wave-driven model for Betelgeuse’s chromosphere
and wind that reproduced reasonably well the observed
chromospheric emission fluxes and mass-loss rate. How-
ever, multi-wavelength centimeter-continuum radio ob-
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servations made with the Very Large Array (VLA) by
Lim et al. (1998) revealed that the atmosphere was much
cooler than the Alfve´n wave-driven model predicted
(Harper et al. 2001). Although new nonlinear Alfve´n
wave models have been computed by Airapetian et al.
(2000), there are currently no theoretical models that
make specific predictions for both the dynamic and ther-
modynamic state of the mass outflow. Radiation pres-
sure on atoms and molecules is another potential con-
tributing candidate as a mass-loss mechanism and so
spatial and dynamical studies of molecules are a fruit-
ful line of investigation, especially in relation to eventual
formation of dust. Such studies also allow us to calculate
the time scales on which certain mass-loss episodes have
occurred, and these can then be compared to the time
scales of potential mass-loss initiators such as convection
or magnetic dynamo cycles.
The study of CO molecules in the CSE of Betelgeuse
began with the detection of 4.6µm ro-vibrational absorp-
tion lines of 12C16O and 13C16O by Bernat et al. (1979)
who identified two absorption features, implying two dis-
tinct structures within the overall outflow. One compo-
nent, known as S1, has a Doppler shift of 9km s−1 toward
us with T exc ≃ 200K, vturb ≃ 4 kms
−1 and N 12C16O =
4.7 × 1017 cm−2. The second faster component, known
as S2, has a Doppler shift of 16 km s−1 towards us with
T exc ≃ 70 K, vturb ≃ 1 km s
−1 and N 12C16O = 1.2 ×
1016cm−2. The S1 feature with its higher column density
was well known from atomic absorption line studies (e.g.,
Weymann 1962) and both features had been detected in
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Table 1
CARMA Observations
Observation Configuration Time on Source Flux Phase Image Cubea
Date (hr) Calibrator Calibrators Dynamic Rangeb
2007 Jun 18 D 0.9 0530+135 0530+135, 0532+075 22.8
2007 Jun 21 D 3.0 0530+135 0530+135, 0532+075 22.7
2007 Jun 24 D 2.1 0530+135 0530+135, 0532+075 26.1
2007 Jun 25 D 2.4 0530+135 0530+135, 0532+075 30.2
2009 Jul 7 E 3.2 3C120 3C120, 0532+075 30.1
2009 Nov 5 C 1.2 3C120 3C120, 0532+075 17.3
2009 Nov 09 C 3.0 3C120 3C120, 0532+075 27.2
2009 Nov 15 C 1.0 3C120 3C120, 0532+075 17.8
2009 Nov 16 C 3.2 3C120 3C120, 0532+075 32.0
All C 8.4 · · · · · · 43.8
All D 8.4 · · · · · · 31.9
All Multi-configuration 20.0 · · · · · · 52.3
a Low spectral resolution (i.e., channel width of 1.3 km s−1).
b The peak emission of the image cube divided by the root mean square of the residual image.
high spectral resolution atomic Na and K absorption pro-
files (Goldberg et al. 1975). 12C16O was subsequently
detected at 230GHz in the J = 2 − 1 rotational emis-
sion line by Knapp et al. (1980), although a search for
SiO(J = 2 − 1) by Lambert & Vanden Bout (1978) had
been unsuccessful. The weaker 12C16O(J = 1 − 0) line
was tentatively detected by Knapp & Morris (1985) with
a 7m dish which had a half-power beamwidth (HPBW)
of 100′′.
Huggins (1987) presented a higher signal to noise
12C16O(J = 2− 1) observation of Betelgeuse’s CSE with
an HPBW of 32′′ and found some evidence for an S2
radius of about 16′′ by comparing the (2− 1)/(1− 0) in-
tensities. However, a 30m Institut de Radioastronomie
Millime´trique (IRAM) J = 2 − 1 line profile was later
presented by Huggins et al. (1994) and looked remark-
ably similar, even though it was observed with a smaller
12′′ HPBW. The profile did not show the horned wing
signature expected if it had been resolved apparently in
conflict with the previous S2 radius estimate.
Here we present the results of an interferometric study
of the rotational 12C16O(J = 2 − 1) emission line made
using three Combined Array for Research in Millimeter-
wave Astronomy (CARMA) configurations with HPBWs
of 0′′.9 (C), 2′′.1 (D), and 4′′.4 (E) designed to explore
the S1 and S2 flows at these spatial scales. Prelim-
inary results of the D configuration observations have
been presented in Harper et al. (2009) as part of a multi-
wavelength study of CO surrounding α Ori. We also
present a supporting SOFIA CO(J = 12− 11) line pro-
file in addition to high spectral resolution observations
of the K I 7699 A˚ line. In Section 2 the observations and
data reduction techniques are discussed and in Section 3
the results of the spectra and image maps are presented.
Discussions and conclusions are presented in Section 4
and Section 5, respectively.
2. OBSERVATIONS AND DATA REDUCTION
The millimeter observations were made with the 15 el-
ement CARMA interferometer (Scott et al. 2004) which
is located at Cedar Flat in eastern California at an eleva-
tion of 2200m. The array consists of nine 6.1m antennas
and six 10.4m antennas formerly from the Berkeley Illi-
nois Maryland Association (BIMA) and the Owens Val-
ley Radio Observatory (OVRO) arrays respectively. Ta-
ble 1 summarizes the various observations which span
the period 2007 May−2009 November. The observa-
tions were carried out in the C, D, and E configura-
tions and consist of on-source profiles of the 12C16O(J =
2 − 1) line which has a rest frequency of 230.538GHz
(1.3mm). The baseline length spans over 26−370m (C
array), 11−148m (D array), and 8.5−66m (E array) pro-
viding HPBWs of 0′′.9, 2′′.1, and 4′′.4 respectively at
1.3mm. The HPBW of the individual 10.4m antennas
is ∼ 32′′ at the observed frequency.
The CARMA correlator takes measurements in three
separate bands, each having an upper and lower side-
band. One band was set to the low-resolution 468MHz
bandwidth mode (15 channels of 31.25MHz each) to ob-
serve continuum emission and was centered on the line.
The other two bands were configured with 62MHz and
31MHz bandwidth across 63 channels (with a resolution
of 1.3km s−1 and 0.65km s−1, respectively) and were also
centered on the line. The line was measured in the upper
sideband in the C and E array and in the lower sideband
in the D array.
Bandpass and phase calibration were performed using
3C120 and 0530+135. 0532+075 was used as a secondary
phase calibrator to determine the quality of the phase
transfer from the primary phase calibrator. The observ-
ing sequence was to integrate on the primary phase cal-
ibrator for ∼ 2.5 minutes, the target for ∼ 18 minutes,
and the secondary phase calibrator for ∼ 2.5 minutes.
The cycle was repeated for each track which lasted be-
tween 1.5 hr and 5 hr. Absolute flux calibration was
carried out with 0530+135 and 3C120 using the continu-
ously updated CARMA flux catalog to obtain their flux
values at each observation.
The raw data were smoothed by a Hanning filter within
MIRIAD7 and then exported into FITS format so that it
could be analyzed with the CASA8 data reduction pack-
age. All calibration and imaging was carried out within
CASA. The image cubes were multi-scale CLEANed
down to the 3σ threshold using natural weighting and
were corrected for primary beam attenuation. The mul-
tiscale algorithm (Rich et al. 2008) within CASA was
set to four unique scales; the largest corresponding to
7 Multichannel Image Reconstruction, Image Analysis and Dis-
play, http://www.atnf.csiro.au/computing/software/miriad/
8 Common Astronomy Software Applications,
http://casa.nrao.edu/
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the largest structures visible in individual channel maps.
Each scale was approximately set to three times smaller
than the preceding scale.
Each of the three CARMA configurations sample a dif-
ferent range of spatial frequencies; the range of which is
dependent upon the maximum and minimum baselines
(bmax and bmin) of each configuration. The sources we
are observing are extended and therefore it is necessary
to consider the response of each CARMA configuration
to this extended emission. For any array configuration,
emission with angular scales of ∼ λ/bmin or greater is
not reproduced in the maps (Taylor et al. 1999) and this
scale is often used as a guide for the resolving out scale
or maximum scale of an array configuration. To obtain
a more robust estimate of the largest angular scale that
can be accurately imaged in the high spatial resolution C
configuration maps we computed the visibilities of an ex-
tended emission feature (whose spatial extent was set to
that of the primary beam) using CASAs simulation tool,
simdata. This tool then produced a CLEANed image of
these visibilities from which we calculated the resolving
out scale to be ∼ 6′′ (i.e., 0.6λ/bmin). Ultimately, com-
bining the data from these three configurations allows
the missing short spacings from the extended C configu-
ration to be recovered while maintaining its high spatial
resolution.
3. RESULTS
Betelgeuse is a semi-regular variable and its radial ve-
locity exhibits variability on time scales ranging from
short 1.5 year periods as suggested by Stebbins & Huffer
(1931) to longer 5.8 year periods (Jones, 1928). Its ra-
dial velocity amplitudes are also known to vary by at
least ±3km s−1 (Smith et al. 1989) making it difficult to
determine a precise value for the stellar center-of-mass
radial velocity. In this study we adopt a heliocentric ra-
dial velocity of +20.7km s−1 (vlsr = 4.8 km s
−1); a value
adopted by Harper et al. (2008) and is based on the mean
values of Jones (1928) and Sanford (1933). All spectra
are plotted with respect to the stellar center-of-mass rest
frame.
3.1. CO(J = 2− 1) Spectra
The spectrum for each individual configuration image
cube (which are composed of all the appropriate config-
uration tracks listed in Table 1) along with the multi-
configuration image cube can be used to obtain infor-
mation on the kinematics of the S1 and S2 flows. The
spectra corresponding to the C, D, and E configuration
image cubes are plotted in Figure 1 for both the high
(0.65 km s−1 bin−1) and low (1.3 km s−1 bin−1) spectral
resolution data and were obtained by integrating all emis-
sion within a circular area of radius 5′′ centered on the
source. The high and low spectral resolution modes al-
low two independent sets of spectra to be measured for
each observation and thus provide a good check on the
data quality. The high resolution spectra (channel width
= 0.65 km s−1) give the best measure of S1 and S2 kine-
matics and therefore all outflow velocities are derived
from these spectra.
The E configuration image cube spectrum has a total
line width of 29.2 km s−1 and the low spectral resolu-
tion profile contains a steep blue wing emission feature
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Figure 1. Spectra integrated over a radius of 5′′ for each array
configuration image cube. The blueshifted emission component be-
tween −16.0km s−1 and −10.0km s−1 is almost resolved out in the
C configuration image cube spectrum. The red and blue lines cor-
respond to the high and low spectral resolution data respectively.
between −16.0 km s−1 and −11 km s−1 and a more flat-
topped feature between −10.3 km s−1 and −13.2 km s−1.
This steep emission wing shows that the turbulence in
the flow is less than or equal to the velocity bin size.
The blue wing in the high resolution profile matches the
lower resolution profile well but the remainder of the pro-
file looks more complex than the flat-topped feature seen
in the lower resolution profile. The profile shape of the
CO(J = 2 − 1) line has been well documented by pre-
vious single-dish observations (e.g., Knapp et al. 1980;
Huggins 1987) and, out of our three individual configu-
ration spectra, we expect the most compact E configura-
tion spectra to resemble these single-dish measurements
the closest due to its better sampling of the inner u − v
plane and consequent sensitivity to extended structures.
This indeed turns out to be the case when we compare
our three individual configuration spectra to those pre-
vious single-dish profiles. The blue wing emission fea-
ture appears again in the D configuration spectrum at
the same velocities as those in the E configuration spec-
trum but the remainder of the profile appears quite dif-
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ferent. Between −10.3 km s−1 and +13.2 km s−1 the D
configuration spectrum is dominated by a blue wing at
∼ −10.0 km s−1, a red wing at ∼ +13.0 km s−1 and an
emission feature at ∼ 0 km s−1.
The line profile has a much lower flux in the high spa-
tial resolution C configuration spectrum due to its lack
of sensitivity to extended structure. The blueshifted
emission feature located between −16.0 km s−1 and
−11.0 km s−1 in the E and D configuration spectra is
almost completely spatially filtered by the extended C
configuration. This component of the line has previously
been associated with the outer S2 flow (Huggins 1987)
and as the majority of it has been spatially filtered by
our C configuration we expect even less contribution from
the S2 flow at lower absolute velocities still. For the red-
shifted line emission we again expect the majority of the
S2 contribution to be spatially filtered, so we conclude
that the majority of the emission in the C configura-
tion spectrum emanates from the inner S1 flow. The
spectrum is double peaked with the blue and redshifted
wings extending to −9.0 km s−1 and +10.6 km s−1 re-
spectively, and we define these as the outflow velocities
of S1. As discussed in Section 2, the C configuration has
a resolving out scale of ∼ 6′′ at 1.3 mm and so is not sen-
sitive to angular scales larger than this. If the emission
between −9.0 km s−1 and +10.6 km s−1 in the C config-
uration spectrum appeared as a flat-topped profile then
we could conclude that the S1 flow lies within a radius
of 3′′ from the star. Clearly however, the lower absolute
velocity components of this profile have been spatially
filtered so we conclude that the radial extent of the S1
from the star is greater than 3′′. If we assume that the
S1 flow would produce a top-hat line profile were it not
for the resolving out effects of the interferometer, then
its integrated line flux is 3.1 × 10−19Wm−2.
To obtain the most robust value for the S2 outflow
velocities we examine the high spectral resolution multi-
configuration image cube spectrum which is composed of
all tracks from all three configurations. It is worth stress-
ing that by analyzing the multi-configuration image cube
we make the assumption that the physical properties of
all three components (i.e., α Ori, S1, and S2) have not
changed over the total observation period (i.e., ∼ 2.5 yr).
The profile is found to have a total line width of 28.6
± 0.7 km s−1, which is in close agreement with previous
single-dish observations of the line where values of 30.6 ±
2.5km s−1 and 28.6km s−1 were reported by Knapp et al.
(1980) and Huggins (1987), respectively. The centroid
velocity of the spectrum is -1.1 ± 0.7 km s−1 (vlsr = 3.7
± 0.7 km s−1) which is again in close agreement with
Knapp et al. (1980) and Huggins (1987) values of vlsr =
3.0 ± 2.5 km s−1 and vlsr = 3.7 ± 0.4 km s
−1 respec-
tively. The integrated line flux is 1.5 ×10−18Wm−2 of
which approximately 20% emanates from the S1 flow.
The outflow velocities of S2 are −15.4 km s−1 and
+13.2 km s−1 which, like the S1 flow, are slightly asym-
metric but in the opposite sense. Note that the S1 and
S2 outflow velocities are dependent on the adopted ra-
dial velocity of Betelgeuse. If, for instance, we instead
adopt a radial velocity of 21.9 km s−1 (Famaey et al.
2005) then the S2 outflow velocities become even more
asymmetric (−16.6 and +12.0 km s−1) while the S1 out-
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Figure 2. Spectral profiles of the low spectral resolution multi-
configuration image cube for circular extraction areas of radius 1′′,
2′′, 4′′, 6′′, 8′′, and 10′′. The signal to noise of the line profile
reduces at larger extraction areas as more noise is included from
the outer regions of the channel maps.
flow becomes less so (−10.2 and +9.4 km s−1). Both S1
and S2 therefore cannot have spherically symmetric out-
flow velocities regardless of the adopted stellar radial ve-
locity. Adopting a mass of 18M⊙ and a radius of 950R⊙
(Harper et al. 2008) then the escape velocity for Betel-
geuse is 85 km s−1 which is much greater than the S1
and S2 outflow velocities. This indicates that the major-
ity of the stellar mass-loss mechanism’s energy goes into
lifting the CO molecules out of the gravitational poten-
tial and not into their outflow velocities. These outflow
velocities are greater than the adiabatic hydrogen sound
speed, which, if we assume that the gas temperature is
the same as the excitation temperature, are 1.7 km s−1
and 1 km s−1 for S1 and S2, respectively.
The spectra in Figure 2 are taken from the low-
resolution multi-configuration image cube using circular
extraction areas ranging in radius from 1′′ to 10′′ and
demonstrates how the line profile changes over these dif-
ferent extraction areas. The most striking change in the
line profile is the change in appearance of the extreme
blue wing. At small extraction radii where we sample
the most compact emission, the feature is weak in com-
parison to the rest of the line but becomes more domi-
nant as we begin to sample more of the extended emis-
sion. This indicates that even the high absolute velocity
components of the S2 flow have extended emission and
this is why they are almost completely spatially filtered
by CARMA’s C configuration. The large reduction of
flux at −11 km s−1 suggests that there is more material
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moving toward the observer than at other lower absolute
velocities indicating a non-isotropic (or non-spherical) S2
flow. This suggests a more sheet-like (flatter) structure
rather than a spherical cap.
3.2. Multi-configuration Image Cube
A subset of the blueshifted velocity channel maps of the
low spectral resolution multi-configuration image cube
is presented in Figure 3. The first channel map at
−17.9 km s−1 shows just the compact unresolved con-
tinuum emission with no extended emission present. Be-
tween −16.7km s−1 and −9.0km s−1, we see evidence for
the development of a classical shell signature for the S2
flow. We first sample the highest velocity components
where the emission is relatively compact (i.e., between
−16.7 km s−1 and −12.9 km s−1) and then sample lower
radial velocity components where S2 becomes a faint ring
(i.e., between −11.6 km s−1 and −9.0 km s−1). At lower
velocities again, these rings disappear into the noise of
the maps and possibly extend out beyond the primary
beam at zero velocity when the rings should have maxi-
mum spatial extent. The emission from the channel maps
between −15.3 km s−1 and −11.6 km s−1 corresponds to
all the emission in the extreme blue wing component of
the multi-configuration image cube line profile discussed
in Section 3.1. We can see in Figure 3 that all of this
emission is greater than the C configuration resolving
out scale therefore confirming that our C configuration
line profile is mainly composed of S1 emission. The shell
formation signature of S2 is also apparent in the red-
shifted velocity channel maps between +7.5 km s−1 and
+13.8 km s−1 but the emission appears weaker and the
rings fainter therefore indicating that S2 is somewhat
fragmented.
The multi-configuration maps also show the central
compact emission from the S1 flow at velocities between
−10.3 km s−1 and +11.3 km s−1. This S1 emission can
be seen in the final two maps of Figure 3 as a central
slightly elongated emission feature surrounded by the
fainter rings of the S2 flow. In the maps where both S1
and S2 are present the emission from S1 appears brighter
than the emission from S2. The spatial extent of the S1
flow varies from channel map to channel map but ap-
pears to be larger than the 2′′ value given by Smith et al.
(2009), who observed off-star wind scattered ro-vibration
CO lines.
An additional spatially unresolved source is detected in
a number of the D configuration image cube maps (both
high and low spectral resolutions) and has been previ-
ously documented by Harper et al. (2009). The com-
ponent is present in only five continuous low-resolution
channels between ∼ −4.0 km s−1 and +2.4 km s−1 and
is located ∼ 5′′ S−W of α Ori as shown in Figure 4.
Its peak emission lies at ∼ 0 km s−1 and here it approx-
imately equals 60% of the source peak emission. The
corresponding channel maps in the E configuration im-
age cube show extended emission out to 8′′ in the same
S−W direction. This second source does not appear in
any of the C configuration channel maps probably due to
the lower sensitivity resulting from the smaller HPBW
(i.e., the flux is diluted). This discrete second source
thus has the effect of adding extra emission to the cor-
N
E
-17.9 km s-1 -16.7 km s-1
-15.3 km s-1 -14.1 km s-1
-12.9 km s-1 -11.6 km s-1
-10.3 km s-1
6 arcsec
-9.0 km s-1
Jy beam-1
+0.2+0.10-0.1
Figure 3. Eight channel maps from the multi-configuration image
cube (∆v = 1.3km s−1). The peak emission has been cut at 0.2 Jy
beam−1 to emphasize the fainter emission. The color scale is linear
and has been normalized to this maximum cutoff and minimum
value of each channel. The contour levels are at −2σ, 2σ, 4σ, and
6σ (1σ ∼ 0.03 Jy beam−1 but varies per channel). Dashed green
lines represent negative contours.
responding multi-configuration image cube maps at the
low velocities where it is present.
3.3. Determination of the S1 and S2 Radii
The spatial extent of the S1 and S2 flows around Betel-
geuse was not directly determined from either the CO
infrared absorption spectra of Bernat et al. (1979) or
previous CO single-dish radio observations (Knapp et al.
1980; Huggins 1987; Huggins et al. 1994). Our low spec-
tral resolution multi-configuration image cube has suffi-
cient spatial resolution and signal to noise to make direct
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Figure 4. Integrated intensity image of the D configuration chan-
nel maps that contain the discrete second source approximately 5′′
S−W of α Ori. Contours for the integrated intensity are 1σ, 1.5σ,
2σ, and 3σ (1σ = 1.3 Jy beam−1 km s−1). The size of the restoring
beam is shown in white in the bottom left corner.
estimates of the maximum radius of both flows. The
outer S2 flow is not seen in the low absolute velocity
channel maps where its spatial extent is maximum and
either lies outside of the primary beam or is lost into the
noise near the edge of the maps. We derive the maxi-
mum outer scale of the S2 flow by looking at the spatial
scales of the S2 flow in the higher absolute velocity maps
where S2 is present. If we assume that S2 is spherically
symmetric with an outer radius RS2, and is undergoing
steady expansion with velocity VS2, then we can estimate
its radius in each velocity channel using the following re-
lation:
rchan = RS2sin
[
cos−1
(
vchan
VS2
)]
(1)
where rchan is the S2 radius in a channel at velocity vchan.
We use Equation (1) to estimate the maximum pro-
jected spatial extent of S2 which occurs at zero velocity.
An estimate of the S2 radius per channel (rchan) was
found by creating annuli of increasing radius around the
central emission in each relevant line channel map of the
multi-configuration image cube, extracting all flux within
each annulus and then plotting these fluxes against dis-
tance from the star for each channel. The maximum of
these resultant curves was then deemed to be the max-
imum radius of S2 per channel. Figure 5 shows these
data over-plotted with two model outflows which were
created using Equation (1). The blueshifted data points
were best fitted by a model outflow of maximum radius
17′′ and outflow velocity 17 km s−1, while the redshifted
data points were best fitted by a model outflow of max-
imum radius 16′′ and outflow velocity 14 km s−1. It is
worth mentioning that this estimate for the spatial ex-
tent of S2 is only weakly dependent on our adopted radial
velocity value for Betelgeuse and adopting a slightly dif-
ferent value would simply alter S2s outflow velocities. As
S2 is not present in our lowest absolute velocity map we
are not able to report an estimate of its width.
In the left column of Figure 6 we investigate the in-
tensity distribution of CO emission as a function of pro-
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Figure 5. Derived S2 radius as a function of velocity (red points)
overplotted with two model outflows. The blueshifted model (left)
corresponds to an outflow with a maximum radius of 17′′ and a
velocity of 16.7 km s−1 while the redshifted model (right) corre-
sponds to an outflow with a maximum radius of 16′′ and a velocity
of 13.8 km s−1. Note: the line profile is 1.9 1.9 km s−1 wider in
the low resolution image cube (∆v = 1.3 km s−1) than in the high
resolution image cube.
jected radius, R, for both the S1 and S2 flows. From
our discussions in Section 3.1 we can assume that all
line emission between −15.4→ −10.3 km s−1 and +12.4
→ +13.8 km s−1 emanates solely from the S2 flow. Us-
ing the low spectral resolution multi-configuration image
cube we integrate the surface brightness over these chan-
nels and find that the intensity fall off is proportional to
R−1 (Figure 6, top). To investigate the S1 flow intensity
distribution around α Ori we integrate the surface bright-
ness over the channels between −9→ +10.6 km s−1. Al-
though these channels contain emission from both S1 and
S2, most of the S2 emission here will have larger pro-
jected radii and thus the majority of the inner emission
should emanate from the S1 flow. Between 0′′.5 and 4′′
from the star the intensity is again found to be propor-
tional to R−1 (Figure 6, bottom). Such an intensity dis-
tribution is expected for an optically thin homogeneous
constant velocity outflow with ρ ∝ 1/R2. Beyond 4′′ the
intensity fall off is more rapid and is close to an R−2 dis-
tribution which may mark the initiation of the current
epoch of mass-loss.
Insight can also be gained into how the intensity varies
on different size scales by conducting analysis in the
u−v plane and plotting the visibility amplitude of α Ori
against u− v distance. The result of this is shown in the
right column of Figure 6 where the same channels cor-
responding to the S1 and S2 flows have been used. The
data are azimuthally averaged, and have been binned to
produce one data point per kλ. The result for both the S1
and S2 data is a steep drop-off in visibility amplitude over
a relatively short u−v distance, signaling that the sources
are well resolved. Both sets of visibility data agree with
an intensity proportional to (a2+R2)−1/2, where a is an
inner spatial limit. This is because the Hankel transform
of this function is q−1e−2piaq (Bracewell 2000), where q is
the u− v distance, and a vertically scaled version of this
function is shown to match the visibility data very well in
Figure 6. As analysis in both the sky and u−v plane indi-
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Figure 6. Left Column: surface brightness as a function of projected radius on sky, R (red line). The emission has been extracted
from the low spectral resolution multi-configuration image cube and is integrated over the channels where S1 is present (bottom) and over
the channels where only S2 is present (top). Intensity proportional to R−1 and R−2 is also shown for comparison. Right Column: the
corresponding visibility amplitude as a function of u− v distance (q) of both outflows can be modeled well by an R−1 fall off in intensity.
The error bars in all plots represent the standard error of the mean.
cate the intensity of both flows is proportional to R−1 we
conclude that when azimuthally averaged, both outflows
are consistent with an optically thin and quasi-steady
flow which is in agreement with Smith et al. (2009) (i.e.,
S1) and Plez & Lambert (2002) (i.e., S2).
An exact determination of the maximum spatial ex-
tent of the S1 flow is more difficult as we do not see
the classical shell formation signature for it as we sample
across velocities, like we do for S2. Instead its spatial
extent varies over the channel maps with evidence of dis-
crete clumps being present in many of these maps. At
20% of maximum emission in the integrated intensity
S1 map (i.e., composed of all channels between −9 →
+10.6km s−1) the S1 flow extends out to a mean distance
of ∼ 4′′ and is even more extended in the S−W direc-
tion due to the presence of the second emission feature
in the compact configuration data sets. The HPBW of
0′′.9 is not sufficient to determine whether the S1 flow
is discrete or an extension of the current wind phase
seen in ultraviolet spectra, e.g., Carpenter & Robinson
(1997), and centimeter-radio continuum interferometry
(Lim et al. 1998; Harper et al. 2001).
3.4. Continuum Flux Densities
In Table 2 we show the derived continuum flux densi-
ties for each of the three configuration image cubes and
also the multi-configuration image cube. The high spec-
tral resolution (∆v = 0.65km s−1) image cubes were just
wide enough to image the CO line but were too nar-
row to make accurate estimates of the continuum flux
density. Therefore, all continuum flux density estimates
are derived from the lower spectral resolution (∆v =
1.3km s−1) image cubes from which we were able to take
accurate measurements at both sides of the line. We
fitted elliptical Gaussians to ∼ 20 continuum channels
using CASA’s imfit routine allowing the flux and corre-
sponding uncertainties to be calculated. The source was
unresolved in most of these continuum channels.
Betelgeuse is known to show brightness variations at
many wavelengths. Goldberg (1984) reports a decrease of
half a magnitude in visual brightness over a period of six
years. Bookbinder et al. (1987) found stochastic 30%-
40% variations in flux density at 6 cm over timescales as
short as 10 days to as long as 8 months (i.e., the ob-
servational period). A more comprehensive study was
carried out by Drake et al. (1992) who observed Betel-
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Table 2
CARMA Continuum Fluxes at 230 GHz
Configuration Restoring Beam Flux Uncertainty
(′′ × ′′) (mJy) (mJy)
C 0.96 × 0.76 234 18
D 2.33 × 1.87 389 72
E 4.93 × 3.84 278 40
Multi-configuration 1.05 × 0.84 289 21
geuse with the VLA at centimeter-wavelengths from
1986 to 1990 and found stochastic variability of 22%,
15%, and 21% at 6 cm, 3.6 cm, and 2 cm, respectively
at a variety of different timescales down to less than 1
month. The millimeter-continuum emission that we mea-
sure arises mainly from electron−ion and electron−atom
bremsstrahlung and possibly dust emission, so it is not
unreasonable to also expect variability at millimeter-
wavelengths too. The D configuration data were ac-
quired under adverse weather conditions and these data
have the highest noise levels out of the three configura-
tions. Its continuum emission measurement is approxi-
mately 50% greater than the C and E configuration con-
tinuum measurements which were also acquired approx-
imately two years after the D configuration data. We
believe that the continuum emission derived from the
multi-configuration image cube is a reasonable estima-
tion of the mean millimeter-continuum flux density over
the two year period and is in reasonably good agreement
with the 250GHz flux density of Altenhoff et al. (1994)
who report a mean value of 351±25mJy for 1986→ 1989.
4. DISCUSSION
4.1. Previous CO Observations
Bernat et al. (1979) were the first to detect circum-
stellar absorption lines in CO by looking at the fun-
damental ro-vibration lines at 4.6µm. These infrared
observations revealed two separate outflows around α
Ori; an excited (Texc= 200K) S1 flow with an expan-
sion velocity of 9 km s−1 and a less excited (Texc = 70
K) S2 flow moving with a faster expansion velocity of
16 km s−1. Knapp et al. (1980) were the first to detect
emission in the CO(J = 2 − 1) line at 1.3 mm using
the 10 m millimeter-wave telescope at OVRO but only
detected one component expanding at 15km s−1. By an-
alyzing the shape of the line profile, they concluded that
the S2 radius of 55′′ derived by Bernat et al. (1979) was
too large and that it lies at a radius of R ≤ 10′′. Since
the detection by Knapp, a number of observations at 1.3
mm have been carried out with various beam sizes and all
spectra look remarkably similar; that is the profile has a
steep extreme blue shifted emission component with the
remainder of the profile looking more flat-topped and
containing a number of less dominant spikes. Huggins
(1987) used their single-dish observations (HPBW∼ 32′′)
of the CO(J = 2 − 1) line along with excitation and
self-shielding models of CO to conclude that the S1 flow
makes little contribution to the final emission line. They
also identify the extreme blue wing of the line with the
S2 flow and predict that it may extend out to a radius of
∼ 16′′. Later however, Huggins et al. (1994) compared
their detected 609 µm 3P 1 →
3P 0 fine structure line of C
I with CO data obtained with the IRAM 30m telescope
(HPBWs ∼ 12′′) and find that the expansion velocities in
both lines are essentially the same. They conclude that
the radial extent of C I is . 7′′ and both the CO and
C I are formed in the inner envelope and roughly extend
over the same area.
The shape of our multi-configuration line profile for ex-
traction areas of radii 6′′ or greater are in good agreement
with previous high signal to noise single-dish CO(J = 2−
1) spectra (e.g. Huggins et al. 1994, Figure 1) although
the emission spikes in our line profiles are more dominant.
Our total line width of 28.6 km s−1 is in good agreement
with Huggins (1987) and Huggins et al. (1994) who re-
port line widths of 28.6 km s−1 and 30 km s−1 respec-
tively. The extreme blue wing in both of these spectra
is the dominant emission feature of the line and this is
also true in our multi-configuration spectra at extrac-
tion areas & 6′′. Using the IRAM 30m telescope, which
has an HPBW of only 12′′ at 230 GHz, Huggins et al.
(1994) produce a similar line profile shape to that pre-
sented in Huggins (1987) who have a larger HPBW of
∼30′′. From this, one would expect that the major-
ity of the blue wing emission is compact. Our multi-
configuration line profiles suggest otherwise however, and
show a continuous increase in the blue wing emission as
we take larger extraction regions out to 10′′. The multi-
configuration maps also show a faint ring structure form-
ing at ∼ −11.6km s−1 and expanding further out in lower
absolute velocity channel maps. This ring emission is
fainter than the higher velocity compact emission so we
see a drop in flux density in our spectra at the point
where these rings form. Therefore, the steepness of the
extreme blue wing in our multi-configuration spectrum
means that there is merely more CO emitting at higher
velocities than at lower, which is indicative of a sheet like
structure moving towards the observer.
The line profiles of higher CO rotational transitions for
Betelgeuse have been published in Kemper et al. (2003)
and De Beck et al. (2010). De Beck et al. (2010) present
high spectral resolution (0.3125 MHz) line profiles for the
CO(J = 2− 1), (J = 3− 2), and (J = 4− 3) transitions
that were obtained with the James Clerk Maxwell Tele-
scope (JCMT). For the CO(J = 2 − 1) transition the
JCMT has an HPBW of ∼ 20′′ and the profile appears
similar to our multi-configuration profile over the same
flux density extraction area (i.e., Figure 2), with the ex-
treme blue wing component being the dominant feature
in both. This feature, which is emission from the S2 flow,
becomes a less dominant component of the line profile at
the higher CO(J = 3 − 2) and CO(J = 4-3) transitions
where the JCMT has an HPBW of ∼ 13′′ and 8′′, respec-
tively, and does not capture all of the S2 emission which
is shown in Figure 3 to be extended at these velocities.
Also, the higher rotational states (J ≈ 10) will be popu-
lated more by the higher excitation temperature (∼ 200
K) S1 flow so these line profiles become dominated by
emission from the slower S1 flow. This is confirmed by
our narrow SOFIA-GREAT CO(J = 12 − 11) line pro-
file which is presented in the appendix of this paper, and
also by a visual inspection of Herschel-HIFI archival line
profiles of the CO(J = 6 − 5), (J = 10 − 9), and (J =
16− 15) transitions.
The CO 4.6 µm ro-vibration lines have been observed
with the Phoenix spectrograph (Hinkle et al. 1998) by
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Ryde et al. (1999) and Smith et al. (2009) on the 2.1 m
telescope at Kitt Peak and on the 8 m Gemini South
telescope respectively. By assuming a Boltzmann pop-
ulation distribution for the ground rotational levels of
CO, Ryde et al. (1999) derived a mean excitation tem-
perature of 38+6
−5 K along the line of sight at a projected
distance of 4′′ north of Betelgeuse. Our CARMA data
suggests that the S1 flow extends out to approximately
this distance but Ryde et al.’s temperature is not in
agreement with either of the line-of-sight S1 or S2 exci-
tation temperatures of 200+50
−10K and 70±10K derived by
Bernat et al. (1979). This discrepancy may indicate that
the excitation is quite non-uniform. Smith et al. (2009)
did not derive an excitation temperatures but used their
4.6 µm spectra to reveal extended resonantly scattered
CO emission out to ∼ 2′′, a factor of two smaller than our
S1 radius. They observe emission over a velocity range
of 30 km s−1 but two distinct flows are not detected.
Mild (∼ 20%) density inhomogeneities are reported but
overall, their observations are consistent with an opti-
cally thin and steady wind which is consistent with our
findings.
4.2. KI 7699 A˚ Spectra
The S2 flow was first identified in high resolution K I
and Na I absorption spectra by Goldberg et al. (1975)
and subsequently re-observed multiple times over the
next couple of years (Goldberg 1979). It is interesting
to compare these and Bernat et al.’s (1979) CO line-of-
sight absorption velocities with those from the CARMA
emission spectra obtained at similar spectral resolutions
and also to measure, the perhaps co-spatial line broad-
ening of the K I S2 absorption feature.
We have obtained K I 7698.98 A˚ spectra using the
cross-dispersed echelle spectrometers on the Harlan J.
Smith 107 inch (2.7m) reflector at McDonald Obser-
vatory. With 2 pixels per resolution element an R =
λ/∆λ = 200, 000 and a R = 500, 000 spectrum were
obtained on 2007 March 25 and April 13, respectively.
The spectra were wavelength calibrated with ThAr lamp
lines and the lower resolution spectrum was checked by
fitting six symmetric terrestrial O2 lines in the same or-
der using wavelengths from Babcock & Herzberg (1948).
The O2 lines confirmed that the R = 200, 000 cali-
bration was good to better than 0.1 km s−1. Upon
cross-correlating the low- and high-resolution spectrum
the high-resolution spectrum appeared redshifted by
0.60 km s−1, i.e., one resolution element, for which we
do not have an explanation except to note that a similar
offset has been reported by Welty et al. (1994). We use
the cross-correlation to define the wavelength calibration
of the R = 500, 000 spectrum and we adopt a systematic
error of σsys = 0.2 km s−1.
The high-resolution spectrum is shown in Figure 7 in
the adopted stellar center-of-mass rest frame (Vrad =
+20.7 km s−1). The S2 feature is deep, well sepa-
rated from the S1 feature, and very well represented
by an absorption model including the hyperfine split-
ting from the abundant 39K isotope. We adopt the
K I 7698.9645 A˚ line parameters compiled in Morton
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Figure 7. K I 7698.98 A˚ profile (R=500,000) for Betelgeuse ob-
tained on 2007 April 13. The S2 flow outflow velocity is found to
be 15.6 km s−1 (using a Vrad = +20.7 km s
−1), slightly lower than
Plez & Lambert’s (2002) value of 18±2 km s−1.
(2003)9 and find a heliocentric S2 absorption velocity of
+5.15 ± 0.01(1σran) km s−1 with the uncertainty domi-
nated the absolute wavelength scales. However, the most
probable line-of-sight turbulent velocity is much more ac-
curately determined with 0.62±0.02(1σran)km s−1. From
their 4.6 µm line profiles Bernat et al. (1979) found a
very similar 1 km s−1, these being the sum of thermal
and non-thermal motions. These values place tight con-
straints on the line-of-sight acceleration associated with
the S2 flow.
The K I spectrum also reveals a slight inflection in the
observed line profile at +3.6 km s−1 (heliocentric) which
may represent structure in the underlying photospheric
profile or additional absorption in which case it has ∼ 0.1
the column density of S2 (NKI−S2 ≃ 1.2 × 10
11 cm−2).
The S2 absorption velocity minima can be compared to
those obtained by Goldberg (1979, Figure 7) who mea-
sured values between 1975 and 1978 of 4.2 ± 0.2 and
5.0 ± 0.2 km s−1 and these differences may result from
changes caused by radial velocity changes in the un-
derlying photospheric spectrum. Bernat et al.’s 1979
CO IR absorption observations reveal S2 heliocentric
velocities of +4.94 ± 0.30 km s−1 (1979 March 6) and
+4.60 ± 0.04 km s−1 (1979 April 14) with turbulent ve-
locities of 4 and 1 km s−1 for the S1 and S2 features,
respectively.
In terms of the center-of-mass radial velocity of the
star our K I feature implies an outflow velocity of
+15.6 km s−1. The blue edge of our CARMA multi-
configuration CO profile is estimated to be +15.4km s−1
which suggests a dynamical association with the CO S2
flow and very close agreement with Bernat et al.’s (1979)
CO absorption velocities listed above. Plez & Lambert
(2002) have also estimated the radius and velocity of the
suspected K I S2 flow using R = 110, 000 resolution long
9 Note that this wavelength was recently revised and is
0.44 km s−1 less that that adopted in the Goldberg studies.
10 O’Gorman et al.
slit spectra. They found a geometrically thin shell (1′′)
with velocity of VS2 = 18 ± 2 km s
−1 with a radius of
55′′ which is much larger than the field of view of the
CARMA spectra. Their long slit spectra show several
smaller partial shells but it is not simple to directly asso-
ciate the CO emission feature with one or more of these
shells especially given the uncertainty in the ionization
balances of CO and K I. It is possible that the 55′′ shell
is associated with the inflexion caused by additional ab-
sorption (and low column density) at a velocity slightly
higher then S2 observed in our K I profile.
5. CONCLUSIONS
The two distinct velocity components seen by
Bernat et al. (1979) in CO absorption against the stellar
spectrum at 4.6 µm have both been detected at 230 GHz
for the first time. The first velocity component known as
S1 has an expansion velocity of 9 km s−1 (Bernat et al.
1979) and is detected in our high spectral resolution C
configuration profile with the same blueshifted velocity
(i.e., −9.0 km s−1) and with a larger redshifted outflow
velocity of +10.6 km s−1. The extended CARMA C con-
figuration has a resolving out scale of ∼ 6′′ and thus
spatially filters almost all of the S2 emission leaving us
with an approximate spectrum for the S1 flow. An ex-
treme blue wing of the CO spectrum appears in the D
and E configuration spectra which we associate with the
S2 flow. The high spectral resolution multi-configuration
spectrum is used to determine S2 outflow velocities of
−15.4 km s−1 and +13.2 km s−1 which is in good agree-
ment with our K I 7699 A˚ line-of-sight S2 velocity and
that reported by Bernat et al. (1979).
The low spectral resolution multi-configuration maps
provide the first direct measurements on the spatial ex-
tent of the S2 flow, which we derive to have a radius
of 17′′; a value that is higher than most previous esti-
mates. We do not see a well defined outer edge for the
S1 flow but believe that it may extend out to a radius of
∼ 4′′. Previous single-dish observations of the CO line
with small HPBWs do not show the classical resolved sig-
nature of high emission at large absolute velocities and
low emission at low absolute velocities for two main rea-
sons. First, the S1 flow is still unresolved in these single-
dish observations and thus contributes emission and at
the lower absolute velocities. As well as this, the multi-
configuration CARMA maps show that the S2 emission
is brighter in the higher absolute velocity maps than at
lower absolute velocities and so when the emission from
the fainter rings is neglected (i.e., when observed with
a small HPBW), the overall line profile does not change
significantly.
Assuming a mean outflow velocity of 14.3 km s−1 and
9.8km s−1 for the S2 and S1 flows respectively then their
ages are ∼ 1100 yr and ∼ 380 yr. Since Plez & Lambert
(2002) have detected K I out to 55′′ at a similar velocity
to the CO S2 flow, then, assuming the CO and K I are
coupled, there appears to be little or no further accel-
eration in Betelgeuse’s outflow once the S2 flow begins
(which is somewhere greater than 4′′). The composition
and dynamics of the interface between S1 and S2 remains
unknown and future instruments such as the Atacama
Large Millimeter/submillimeter Array (ALMA) will pro-
vide a greater understanding of this region. Higher spa-
tial resolution, increased sensitivity, and excellent u − v
coverage are needed to determine if the inner S1 flow is
discrete or just an extension of the current wind phase.
Our SOFIA-GREAT spectrum shows that the higher ex-
citation gas traces the slower S1 component, and there-
fore the high frequency bands of ALMA will preferen-
tially trace the S1 flow. Solutions to these remaining
puzzles will broaden our knowledge of the evolutionary
aspect of Betelgeuse’s outflow and shed light into the
driving mechanisms of M supergiant winds.
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APPENDIX
SOFIA-GREAT OBSERVATION
As part of our larger multi-wavelength study of the CO surrounding Betelgeuse we observed the star (PI: Harper;
ID 81 0005 1) with the German Receiver for Astronomy at Terahertz Frequencies (GREAT; Guesten et al. 2000)
instrument on NASA and DLR’s Stratospheric Observatory for Infrared Astronomy (SOFIA; Becklin & Gehrz 2009)
2.5m airborne observatory. The 12C16O(J = 12− 11, 1.38 THz, 216.9µm) line was observed to examine the dynamics
of the higher excitation S1 component. The observations were made during Flight 86 on 2011 November 10 at 13,100 m
(∼ 43,000 ft) when the star had an elevation of 45◦. The HPBW was ∼ 19′′ and the effective on source exposure time
was 12 minutes. Due to technical difficulties during the flight the observations were obtained using a non-standard
asymmetric chop sequence with a throw of 60′′.
The scaled SOFIA-GREAT emission line profile binned to 1.3km s−1 is shown in Figure 8 along with the CARMA C
configuration CO(J = 2− 1) profile which spatially filters the S2 contribution. This figure shows that the J = 12− 11
profile reflects the slower moving S1 flow with a width of ∼ ±7.5 km s−1 approximately centered on the stellar rest
frame. This suggests that the J = 12− 11 emitting plasma is not associated with the faster S2 component and is likely
associated with the higher excitation S1 plasma. Owing to uncertainties in the pointing accuracy during our GREAT
observation we defer a discussion of the fluxes to a later time.
-30 -20 -10 0 10 20 30
∆v (km s-1) Stellar Rest Frame
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
S
ca
le
d 
F
lu
x 
(J
y)
SOFIA-GREAT CO(J=12-11)
CARMA C config CO(J=2-1)
Figure 8. Scaled SOFIA-GREAT CO(J = 12 − 11) emission line profile binned to 1.3 km s−1 along with the unscaled CARMA C
configuration CO(J = 2− 1) profile. The star symbol at −2.5 km s−1 marks the location of a weak terrestrial atmospheric emission feature
which may contribute to the drop in flux at this velocity in the SOFIA-GREAT line profile.
